Abstract: We demonstrate a novel compressed sensing Fourier-transform spectrometer (FTS) in a compact format. This FTS consists of 160 planar-waveguide Mach-Zehnder interferometers (MZIs) arrayed on a photonic chip, effecting a discrete Fourier-transform of the input spectrum. Incoherence between the sampling domain, and the signal domain permits compressive sensing retrieval of sparse spectra using an undersampled measurement of the interferogram. In our fabricated device, we print a fraction of the MZIs required to form the full interferogram corresponding to our selected spectral bandwidth and resolution; the resulting system is undersampled by 1/4th the critical sampling rate, simultaneously reducing chip footprint and concentrating the interferogram in fewer pixels. We develop a scheme for multi-aperture broadband coupling to 83 single-mode waveguides using an array of microlenses bonded to the surface of the chip, and aligned with a grid of vertically illuminated waveguide apertures. The microlens array accepts a collimated beam with near 100% fill-factor, and the resulting spherical wavefronts are coupled into the single-mode waveguides using 45
Introduction
The widespread commercial availability of miniaturized spectrometers that may operate outside of a laboratory environment has been a boon to many scientific disciplines including greenhouse gas detection, oceanography, and biomedical sciences [1] . In the field of planetary science, the need for low-mass, low-volume rover platforms has driven considerable interest in miniature spectrometers for Raman spectroscopy [2] . Similarly, in the space sector, following the advent of the micro and nanosatellite revolution, there has been increased interest in miniature spectrometers with regards to remote-sensing [3] .
One promising platform for the development of these miniaturized spectrometers is integrated optics. In the commercial sector, the substantial investment in optical communications technology has lead to the development of highly-miniaturized photonic integrated circuits (PICs) which accomplish many of the primary functions of a spectrometer. PICs consisting of high-density arrangements of waveguides, splitters, couplers, gratings and photodetectors printed on silicon wafers may represent a potentially advantageous technology for the development of miniaturized spectrometers [4] . With PICs, it is possible to realize a complex optical layout lithographically, thereby reducing the need for the assembly and alignment of individual optical components. In addition, the size and mass of such optical chips may be substantially lower than over comparable assemblies of free-space beam splitters, gratings, and lenses.
PIC spectrometers have been realized as both dispersive and Fourier-transform spectrometers (FTS) either using dispersive gratings [4] , filter-arrays [5] or scanning Mach-Zehnder interferometers (MZIs). Such devices may achieve high spectral resolution and large optical bandwidths on a single photonic chip measuring a few hundred square millimetres [6] . In the case of each of these designs, the optical throughput of the system is limited by theétendue of the access waveguide defining the entrance aperture to the spectrometer. Throughput may be improved by using multimode waveguides, however, for dispersive spectrometers, high spectral resolution may only be achieved by limiting the entrance aperture to one single-mode waveguide.
An attractive method for achieving increased optical throughput in high-resolution on-chip spectrometers is to form a spatially-heterodyned Fourier-transform spectrometer (SHFTS). An SHFTS consists of an array of MZIs which, in aggregate, collect a discrete Fourier-transform of the input spectrum [7] - [10] . The advantage of the SHFTS architecture is that light may be coupled independently into each MZI, greatly expanding the total input aperture of the instrument over dispersive spectrometers-which must be fed by a single access waveguide. On-chip SHFTS devices may achieve picometer spectral resolution, however their bandwidth is determined by the number of MZIs in the array and is therefore limited by the physical size of the photonic chip. Recently we have demonstrated that this bandwidth restriction can be mitigated using compressed-sensing (CS) methods. In particular, using CS retrieval methods the number of MZIs required to retrieve a spectral signature over a specific bandwidth may be reduced by a factor of four when detecting spectrally sparse signals [10] .
In this paper we present an innovative multi-aperture visible-wavelength on-chip CS SHFTS for sparse signal characterization achieving high spectral resolution over an extended bandwidth. The SHFTS leverages CS retrieval methods to undersample its interferogram by a factor of c = 1/4, expanding the operational bandwidth without sacrificing resolution. Using a fully-sampled subset of low-resolution Mach-Zehnder Interferometers (MZIs) to estimate non-sparse background signals, we demonstrate CS retrieval of sparse spectra in the presence of a broadband contaminating background signal. We implement a novel multi-aperture vertical coupling scheme to achieve broadband input coupling to 83 independent apertures. Finally, we demonstrate a novel method for snapshot waveguide characterization via white-light hyperspectral imaging at the waveguide outputs.
Theory
In an on-chip SHFTS, light is coupled to an The array of planar-waveguide MZIs in an on-chip SHFTS output a spatial interference pattern constituting a discrete sampling of a continuous interferogramequivalent to the output of a triggered Michelson interferometer. This concept is illustrated in Fig. 1 .
The output intensity of each MZI in the SHFTS, with fixed optical path delay (OPD) x, is given by the inverse Fourier-transform (IFFT):
Where σ is optical wavenumber, and σ the free spectral range (FSR) of the input spectrum, P 0 . The continuous IFFT in Equation (2) , when sampled discretely at fixed path increments, δx, may be inverted using the discrete Fourier-transform (DFT): where N = 2 σ/δσ is the number of MZIs (sampling points) in the array, and δσ is the spectral resolution. Each MZI in the array has an associated OPD x = n wg L , determined by the waveguide refractive index, n wg , and the physical path difference of the MZI, L . The OPDs of the individual MZIs increase linearly along the array such that the OPD of the i-th MZI is determined by x i = i · n wg L , where L is a fixed length increment.
The bandwidth (spectral range), and resolution of the FTS are set by the sampling frequency of the interferogram, δx, as well as the length of the greatest OPD, x max . The bandwidth in wavenumbers is given as σ = 1/(2δx) where a factor of two is imposed by the aliasing limit of the Nyqyuist sampling theorem. The spectral resolution is determined by the greatest OPD as δσ = 1/( x max ). Thus, an SHFTS chip consisting of N = L max /δL MZIs will capture a spectrum with bandwidth σ = 1/(2n wg δL ) and resolution δσ = 1/(n wg L max ). In an on-chip SHFTS, OPDs are inscribed into the chip lithographically as in Fig. 1 .
Our SHFTS device is designed to operate over a spectral range of σ = 2850 cm −1 , corresponding to an average waveguide index of n wg = 1.5 and physical path length increment of δL = 1.077 μm. The bandwidth spans the shifted wavenumbers 2970 cm −1 to 120 cm −1 from the excitation wavelength at 532 nm. The spectral resolution is δσ = 9 cm −1 corresponding to the maximum physical path delay of L = 0.074 cm. Using conventional retrieval methods, therefore, this device should consist of 633 MZIs, however using CS we are able to reduce the number of MZIs to N = 160.
Spectral Retrieval in On-Chip SHFTS
Spectra may be recovered from an SHFTS using the DFT in Equation (2); more commonly, leastsquares spectral analyisis (LSSA) is used [8] , [9] , [11] . LSSA, described also as pseudoinverse retrieval, may be used to calibrate and compensate for waveguide non-uniformities as part of the retrieval process. The LSSA method describes the interferogram, y, as a linear product of the the input spectrum, x, and the discrete cosine transform matrix A y = Ax.
For a perfect cosine matrix, Equation (3) is equivalent to the DFT equation. However, due to variations in waveguide dimensions during fabrication, the transformation matrix will exhibit defects and non-uniformities unique to each chip. In a practical scenario, A will be an experimentallydetermined transform matrix in which each row captures the spectral response of a particular MZI in the SHFTS-including spectral non-uniformities, coupling efficiency and phase errors. By using the pseudoinverse of this "calibration matrix" to invert Equation (3) the phase errors and waveguide defects may be mitigated, and the input spectrum recovered as:
wherex denotes an estimate of the true spectrum x. The formulation in Equation (3) may also be used as the basis for a CS retrieval [9] in which the sampling rules may be relaxed, and the input spectrum retrieved as the solution to an optimization problem minimizing the l1-norm: mi n||x|| l1 subject to y = Ax.
Here ||x|| l1 = n i =0 |x i | denotes the l1-norm of the vectorx [12] , [13] . Minimizing the l1-norm, provides the "sparsest" solution to Equation (3), meaning a solution wherein the power is concentrated in the least number of spectral components. The advantage of a CS retrieval is that, for sparse input spectra, accurate reconstruction may be achieved using far fewer samples than the in the case of LSSA or DFT. The corresponding disadvantage of CS retrieval methods is that the input signal must be spectrally sparse in order to achieve accurate retrieval. This assumption of sparsity is not necessarily an impediment as there are many spectrally sparse signals of interest to spectroscopists including laser lines, atomic emission lines, Raman emission and laser-induced breakdown spectra (LIBS).
In addition to the assumption of sparsity, there exist two conditions for undersampled retrieval via CS: first, that the measurement basis and signal basis are mutually incoherent, and second, that A be a unitary operator when applied to sparse vectors-the restricted isometry property (RIP). Many matrices satisfying the RIP exist, including partial Gaussian, Bernoulli and partial Fourier matrices in which each row in A is randomly selected from a larger DFT matrix [14] , [15] .
In an SHFTS, the first condition is satisfied by the natural incoherence between the time (measurement) and frequency (signal) bases [12] . A properly designed SHFTS may also satisfy the second condition by forming a partial Fourier matrix using a randomly selected subset of MZI OPDs drawn from the full set defined by the desired bandwidth and resolution. This analog downsampling operation is accomplished facilely in an on-chip device, where the designer has complete control over the OPDs of each sampling point in the interferogram. By contrast, free-space SHFTS and Michelson interferometers, which do not have independent control of sampling points, must record full interferograms and synthesize a partial Fourier measurement by digital downsampling. We have previously demonstrated, using digital downsampling on a fully-populated SHFTS chip, that CS may be used to reduce the number of MZIs required to achieve a given bandwidth by a factor of four [10] . In this new spectrometer we undersample in analog by fabricating an under-populated SHFTS containing only 160 MZIs of the 633 MZIs required for LSSA retrieval.
As noted, the disadvantage of CS is that it may only be applied to spectra that are known to be sparse. Though naturally-occurring sparse signals do exist, this restriction precludes the presence of any broadband background light in the measurement. This requirement is easily satisfied in the case of a laser line or rare-gas spectrum, but is less straightforward in the case of Raman and LIBS measurements-which can contain significant amounts of background light from laser-induced fluorescence [16] . To overcome this limitation, we select 40 of the 160 MZIs to be non-random, fully-sampled MZIs that may provide a low-resolution LSSA estimate of any broadband background fluence. An observed interferogram may be considered as a combination of its sparse and nonsparse components; we can retrieve these components independently by using the low-resolution MZIs to estimate the background signal, and the high-resolution MZIs to retrieve spectrally-sparse components via l1-norm minimization. In this manner, we may perform a CS retrieval of the sparse components even in the presence of non-sparse background contamination. 
Experiment
SHFTS chips were fabricated by LioniX International. The substrate is a 500 μm thick fused silica wafer, the waveguide core consists of a thin stripe of ultra-high aspect ratio silicon nitride, and the upper cladding consists of an 8 μm thick layer of silicon dioxide deposited by plasmaenhanced chemical vapour deposition. The low mode-confinement high aspect-ratio core, measuring 1 μm × 25 nm, ensures single-mode operation over the selected bandwidth of the spectrometer; the waveguide core dimensions and MFD are shown in Fig. 2 . The device footprint encompasses a 39.5 mm × 50.8 mm rectangle as shown in Fig. 3 . This large footprint, a consequence of the low-confinement high-bandwidth waveguides, demonstrates the advantage of the CS architecture. A non-compressive device with the full complement of MZIs would require a significantly larger wafer. The waveguide index is determined to be n wg = 1.504, and the propagation loss is α = −0.61 dB/cm.
To support multi-aperture input coupling over the extended bandwidth of this device, we implement a novel input coupling scheme as shown diagrammatically in Fig. 3 . Multi-aperture input coupling, the traditional advantage of SHFTS implementations, yields an increased light-collection area over similar devices employing a single-access waveguide with cascaded y-splitters [9] . We select a free-space vertical-coupling scheme, based on 45
• micro-mirrors etched into the waveguide layer, in order to eliminate the need for a many-element fiber bundle or v-groove array. In this scheme, light from a collimated beam is focused by the MLA and directed upwards through the substrate into the waveguide core via 45
• mirrors etched by focused ion beam (FIB). Reflective coupling via mirrors (rather than gratings) is pursued in order to minimize wavelength selectivity.
Waveguide facets are aligned simultaneously to the focal points of the MLA using an imaging microscope positioned behind the chip; once the alignment is complete, the MLA is bonded to the substrate. An SEM micrograph of an FIB micro-mirror is shown in Fig. 3 , and a visual microscope image demonstrating backside alignment of the focused spots is shown in Fig. 4 .
We characterize the SHFTS by examining its spectral response from a white-light source. We use a Xenon arc-lamp to provide a broadband input spectrum including the expected wavelengths of operation for a Raman system with excitation wavelength 532 nm and instrument bandpass over 120 cm −1 to 2970 cm −1 shifted wavenumbers. We record the SHFTS response to the broadband input using a hyperspectral slit-imaging system. Collimated light from the arc-lamp is passed to the MLA and waveguide facets through a linear polarizer, isolating the transverse-electric mode. Polarized light propagates through the array of MZIs to the waveguide outputs, which are imaged onto the slit of the hyperspectral instrument using a telecentric lens. The wavelength-dependent response of each MZI is then dispersed by a blazed grating and captured by a CCD. A diagram of the setup is shown in Fig. 4 , and the calibration matrix obtained is shown in Fig. 5 . This novel waveguide characterization scheme was adapted from similar methods used to determine the group-index of bulk materials [17] . One advantage of hyperspectral characterization-rather than characterization using a tunable laser-is that the calibration matrix is collected instantaneously, and thermal drift during calibration is therefore minimized.
As the setup shown in Fig. 4 is intended for characterization in a laboratory setting, it is not designed for compactness. A miniaturized SHFTS package consisting of a fore-optics unit (such as a telescope or fiber probe), SHFTS and MLA, and a linear detector array bonded to the edge of the chip would be substantially smaller.
Results
In Fig. 6 we show retrievals of a near-monochromatic signal centered at 690 shifted wavenumbers from the nominal Littrow wavelength of 532nm. We position a narrowband (50 cm −1 full-width at halfmaximum) optical filter in the optical path, as shown in Fig. 4 . An interferogram is obtained from the hyperspectral image by integrating along each waveguide row, and spectra are retrieved via LSSA, l1-norm minimization, and via direct readout from the hyperspectral system. The measurement of interest in this retrieval is the difference in intensity between the retrieved filter line and the background, versus the noise floor. Using a CS retrieval a signal-to-noise ratio (SNR) of 5.8 is achieved, whereas the LSSA retrieval achieves SNR 3.1.
In Fig. 7 we show retrievals of a complex spectrum consisting of both sparse and broadband components. The interferogram for this spectrum is obtained by co-adding interferograms captured from multiple narrowband optical filters as well as attenuated broadband light from the Xenon arc lamp. An estimate of the background spectrum and interferogram is retrieved from the combined interferogram using the 40 low-resolution MZIs. The estimate is subtracted from the combined interferogram, and the residual interferogram is inverted using l1-norm minimization; the full input spectrum is then produced as a combination of the residual, retrieved via CS, and the background retrieved via LSSA. The SNR of the retrieved filter lines at 690 cm −1 and 1918 cm −1 are 4.3 and 9.9 for the CS retrieval. By contrast, the LSSA retrieval does not break the noise floor.
The results presented in Fig. 6 and Fig. 7 illustrate that, despite undersampling the interferogram by a factor of c = 4.0, the CS SHFTS is able to successfully retrieve sparse spectra even in the Fig. 6 . Experimental retrieval of a near-monochromatic sparse signal, produced by a narrowband optical filter at 690 shifted wavenumbers (552 nm). An l1-norm minimization retrieval (blue) is presented alongside an LSSA retrieval (grey), and the true input spectrum (orange). Both retrievals retrieve the narrowband filter peak at 690 cm −1 ; the SNR of the CS retrieval is 5.8, whereas the SNR of the LSSA retrieval is 3.1 Fig. 7 . Experimental retrieval of sparse spectra in the presence of non-sparse background signal. The sparse spectra consists of two narrowband filter lines located at 690 cm −1 and 1918 cm −1 (552 nm and 592 nm, respectively), while the background light spans the full bandwidth of the SHFTS. A CS retrieval (blue) is plotted against an LSSA retrieval (grey), as well as the input spectrum obtained by the hyperspectral imager (orange). The CS retrieval positively identifies the filter lines with SNR 4.3 at 690 cm −1 , and 9.9 at 1918 cm −1 , the LSSA retrieval fails to differentiate either line from the noise floor.
presence of background light. In the case of the near-monochromatic signal, both CS and LSSA retrievals are successful, with the CS retrieval achieving superior SNR. The absence of background light in the monochromatic case results in a highly overdetermined system of equations in Equation (3), allowing LSSA retrieval to succeed despite using an undersampled the interferogram. As expected, in the case of the polychromatic signal, wherein the system is highly underdetermined, only the CS retrieval produces an interpretable spectra. This result demonstrates that background removal via low-resolution LSSA may be deployed in order to enable CS retrieval of sparse components. In the polychromatic retrieval the filter line at 690 cm −1 is retrieved with lower SNR than in the monochromatic case; the reduction in SNR is attributed to imperfect background estimation and subtraction as can be seen at lower shifted wavenumbers in Fig. 7 . The second filter line, at 1918 cm −1 , has higher peak transmission than the first, and accordingly is retrieved with greater SNR. The SNR of these retrievals, and the presence of "speckle", could be improved by averaging multiple measurements, or by improving the optical efficiency of the SHFTS (e.g., by reducing waveguide propagation loss and further minimizing reflections at MZI Y-splitters).
This successful demonstration validates the capabilities of SHFTS as a pure-play CS spectroscopy platform. CS techniques, including the background estimation scheme demonstrated herein, are well-suited to on-chip SHFTS since: (1) the signal and detection bases are incoherent, (2) arrays of MZIs (i.e., partial Fourier matrices) strongly satisfy the RIP, and (3) unlike Michelson interferometry, on-chip SHFTS may undersample the interferogram without digitally downsampling (i.e., discarding data once it has already been collected).
Conclusion
In this paper we have presented the first CS Fourier-transform spectrometer to directly undersample the interferogram without discarding data. We implement this spectrometer as a planar-waveguide spatial heterodyne spectrometer consisting of array of Mach-Zehnder interferometers. Waveguides are coupled to free space via a novel combination of FIB micro-mirrors aligned to a 2-D MLAresulting in simultaneous, broadband coupling to 83 independent waveguide apertures. The spectrometer achieves an undersampling factor of c = 4.0, reducing the number of MZIs by a factor of four over conventional SHFTS devices. We develop a novel white-light characterization scheme for snapshot spectral characterization using hyperspectral imaging of waveguide outputs. We demonstrate a novel compensation scheme to permit CS retrieval even in the presence of broadband (non-sparse) background light, and finally we validate the SHFTS by obtaining retrievals of sparse signals both with and without background light. This technology demonstration, and in particular the demonstration of a background compensation scheme validates the instrument concept and underlying measurement technique, and represents an enabling step towards the development of high-throughput, chip-based miniature spectrometers with expanded capabilities using CS. Building on this work, the objective of which was to de-risk the instrument concept, further steps towards an elegant breadboard will focus on improvements to systemétendue in order to maximize SNR. These improvements should be implemented at the waveguide fabrication level and may include increasing the waveguide numerical aperture, reducing insertion loss into the MZI Y-splitters, and increasing the number of input apertures.
